Bacterial and parasitic intracellular pathogens or their secreted products have been shown to induce host cell transcriptional responses, which may benefit the host, favor the microorganism or be unrelated to the infection. In most instances, however, it is not known if the host cell nucleus is proximately required for the development of an intracellular infection. This information can be obtained by the infection of artificially enucleated host cells (cytoplasts). This model, although rather extensively used in studies of viral infection, has only been applied to few bacterial pathogens, which do not include Mycobacterium spp. Here, we investigate the internalization, phagosome biogenesis and survival of M. smegmatis in enucleated type II alveolar epithelial cells. Cytoplasts were infected with M. smegmatis, but the percentage of infection was significantly lower than that of nucleated cells. Scanning electron microscopy indicated that in both cells and cytoplasts, bacteria were internalized by a phagocytosis-like mechanism. Interestingly, phagosome fusion with lysosomes and mycobacterial killing were both more efficient in enucleated than in nucleated cells, a finding which may be correlated with the increased number of autophagic vesicles developed in cytoplasts. We provide evidence that although quantitative changes were observed, the full development of the infection, as well as mycobacterial killing did not require the presence of the host cell nucleus.
Introduction
With the exception of pathogens that interact with enucleated cells such as erythrocytes or cell fragments such as platelets, the outcome of the infection with most non-viral pathogens depends on a "conversation between" the genomes of the pathogens and those of the host cells. This interaction between pathogen and host is mediated by secreted proteins or other signals (1) . However, there is little information on the development of infection in cells incapable of new nuclear transcription and other nuclear functions. This question can be approached either by pharmacological inhibition of nuclear functions, or by infection of enucleated host cells. Since some innate immunity mechanisms such as those involving Toll-like and NOD-like receptors or NF-κB activation, should not be operative in the absence of the nucleus, enucleated cell models may help to identify important cytoplasmic resources able to modulate intracellular infection. Enucleated cells have been so far challenged by only a few non-viral pathogens, which do not include mycobacteria (2) (3) (4) (5) (6) (7) (8) . In principle, infection of cytoplasts could be unaffected, reduced or increased. In addition, the stages of pathogen recognition, internalization, intracellular trafficking and survival could be differentially affected in the absence of nucleus.
Viability of cytoplasts is reduced after enucleation; the decay kinetics depends on the cell type and the maintenance conditions of cytoplasts. Classic studies reported that, for the first 10-12 h after enucleation the shape, ultrastructure, and cell surface-associated functions -such as adhesion, movement, and phagocytosis-in CHO or L929 cytoplasts were similar to those of nucleated controls (9, 10) . However, by 10-12 h, protein synthesis fell approximately 50% and continued to decrease thereafter, as the numbers of cytoplasts progressively diminished. Nevertheless, small numbers of cytoplasts survived for as long as 48 to 72 h (5, 11) .
In the present studies, we examined the infection of enucleated human lung adenocarcinoma A549 cells with Mycobacterium smegmatis. This saprophytic mycobacterium is generally avirulent, although they can cause systemic and localized infections in healthy or immunosuppressed humans (12) . Because macrophages are the main host cells involved in mycobacterial infections (13, 14) , primary macrophages or macrophage cell lines have been often used as host cells for in vitro studies (15, 16) . In the present studies enucleated macrophages were not used due to the short life span of their cytoplasts (V.C Coimbra and coworkers, unpublished results). However, mycobacterial infections have also been studied in non-macrophagic cells (17) (18) (19) . Since type II alveolar epithelial cells may be relevant to the pathogenesis of tuberculosis and development of latency (20) , A549 cells have been infected with M. tuberculosis (21) (22) (23) (24) (25) , M. avium, M. bovis BCG and M. smegmatis (26, 27) .
M. smegmatis has been extensively used in studies of mycobacterial biology and genetics because of its rapid division and susceptibility to genetic manipulation (28) . The organism is avidly phagocytosed by macrophages and killed within 48 h (29, 30) . Live M. smegmatis actively manipulates bacterial killing in macrophages by delaying phagosomelysosome fusion, phagosomal actin assembly and nitric oxide release (17) . The link between host transcriptional activation and phagosome maturation is crucial and needs to be tightly organized. Numerous genes and proteins are potentially involved in the intracellular transport of mycobacterial phagosomes (15) . However, the precise requirement for regulated proteins and/or the availability of preexisting machinery for the early steps of phagosome maturation are not well understood. Furthermore, although early studies reported that cytoplasts contain functional endosomes and lysosomes (31) , the antimicrobial machinery that involves phagolysosome and autophagosome formation and its efficiency in cytoplasts remains an open question.
In this report, we show that nuclear functions in A549 cells are not immediately required for infection, early fusion of mycobacterial phagosomes with lysosomes and killing of M. smegmatis. Moreover, we found that infected cytoplasts display a longer life span indicated by preservation of their plasma membrane integrity, compared with uninfected cytoplasts. Importantly, cytoplasts are able to kill mycobacteria more efficiently than their nucleated controls. Thus, cytoplasts are endowed with nucleus proximately independent degradative machinery responsible for phagolysosome formation and bacterial killing. Finally, we suggest that increased autophagy may account for the higher bacterial killing ability of cytoplasts. However, the precise molecular mechanisms involved in this process remain to be investigated.
Results

Enucleation of human A549 epithelial cells and infection with mycobacteria
Under the enucleation conditions used more than 80% of cells were enucleated (data not shown). Cytoplasts from A549 cells attached to glass coverslips displayed a network of actin filaments and microtubules (Fig 1A-B) , including late endosomes associated with microtubules (Fig 1E, white arrows) . It has been previously reported that cytoplasts may contain normal centrosomes and radially organized microtubules which can undergo both depolymerization and polymerization (9) . We also observed structures positive for the Golgi specific protein GM130 in A549 enucleated cells (Fig. 1C) and apparently functional mini-stacks of Golgi complex (Fig.  1D) , as previously described in other cytoplasts (32) .
Different procedures were used to test cytoplast functionality. First, we measured the uptake of CFDA-SE, a non-fluorescent dye that becomes fluorescent in viable cells (Fig. 1F) . Second, we labeled live cytoplasts with FM4-64, a probe used to visualize the plasma membrane, endocytosis and exocytosis in eukaryotic cells. Cytoplasts displayed normal FM4-64 labeling in their plasma membranes (Fig. 1G) . In addition, vesicles positive for FM4-64 were observed to fuse with the cytoplasts plasma membrane (Movie S1). Finally, mitochondria in cytoplasts were labeled in vivo with Mitotracker CMXRos displaying a similar pattern to that of live nucleated cells (Fig. 1H) .
Next, we asked if cytoplasts were able to internalize mycobacteria. The chosen model organism, M. smegmatis, is known to be internalized by both macrophages and A549 cells (27, 29) . Furthermore, the short doubling times (approximately 3 h) of the bacterium allowed us to evaluate their intracellular fate (death, survival or multiplication) during the rather limited lifetime of cytoplasts. A549 cytoplasts and nucleated cells in parallel samples were infected for 3 h with 100 MOI (Multiplicity Of Infection) of M. smegmatis-GFP, washed, replaced in medium containing 10 µg/ml gentamicin and fixed 18 h later; cells were stained, without permeabilization, with an anti-mycobacteria antibody to detect extracellular bacteria (Fig 1I-L) . Both A549 cytoplasts and cells were able to internalize M. smegmatis. Infected cytoplasts displayed normal actin, plasma membrane and mitochondria labeling ( Fig. 1M-P) . Taken together; these data show that viable enucleated A549 cells are able to internalize M. smegmatis-GFP.
Kinetics of infection in A549 cells and cytoplasts
In these experiments, cultures of nucleated A549 cells, and cultures enriched in cytoplasts were infected with 100 MOI of M. smegmatis-GFP for 3 h and then either fixed immediately or washed and chased in the presence of gentamicin for 18 h and 24 h. Extracellular bacteria were detected as described above. The percentages of infected cytoplasts and nucleated cells were determined by fluorescent microscopy ( Fig. 2 A-C) .The percentages of infected nucleated cells decreased significantly after 24 h (Fig. 2D) , possibly due to preferential division of non-infected cells (results not shown). Contrasting with the behavior of nucleated cells, the percentage of A549 cytoplasts infected after 3 h was significantly lower than that of nucleated A549 cells (Fig. 2H) . In the same experiment, we also estimated the number of bacteria per nucleated cell or cytoplast in the same experiment. We found that the percent of nucleated cells containing 1 to 5 bacteria dropped from approximately 65 % at 3 h to 35% at 24 h after infection. However, the percentage of cytoplasts containing 1 to 5 bacteria per cell increased from 10% at 3 h to 25% at 24 h after infection.
The proportion of heavily infected cytoplasts (those containing between 5 and 20 bacteria) cytoplasts remained unchanged in the cytoplasts but dropped for A549 nucleated cells (Fig. S1) . Taken together, these data show that enucleated A549 cells are able to internalize M. smegmatis-GFP but are less efficient compared to nucleated cells (Fig. S1) . The increased bacterial load in cytoplasts was documented by live cell imaging analysis which showed that cytoplasts can continued to ingest live bacteria adherent to the cell surface (see below). Indeed, observations with anti-mycobacterial antibody indicated that, whereas nucleated cells ingested larger numbers of bacteria, many of them remained adherent to cytoplasts after 3 h of infection. It is also possible that antibiotic-inactivated bacteria bound to cytoplasts were internalized during the 18 h and 24 h chase periods, increasing the apparent bacterial load in the enucleated cell populations.
The significant increase in the percentage of infected cytoplasts at the 18 h and 24 h time points (Fig 2H) , could be associated with a shorter life span of uninfected cytoplasts. This hypothesis was tested by counting the number of remaining infected and non-infected cytoplasts per field at different time points after infection (Fig. 2I-J) . The results showed that at the 24 h time point, significantly fewer non-infected than infected cytoplasts were found per microscope field.
This conclusion was supported by flow cytometry determinations of far-red fluorescent dye uptake which assesses viability based on plasma membrane integrity (see materials and methods). Cytoplasts were gated according to their size and granularity (forward and side scatter), lack of DNA content (Hoechst staining) and infection (GFP-M. smegmatis) (Fig. 3A) . We then measured plasma membrane integrity in uninfected (DNA negative, GFP negative) and infected (DNA negative, GFP positive) cytoplasts (Fig. 3B) . The percentage of cytoplasts with high membrane integrity was most often increased by infection (Fig. 3C) . We conclude that infection extends the lifetime and preserves membrane integrity of cytoplasts.
Mycobacteria are internalized in cytoplasts via a phagocytosis-like mechanism
It was recently reported that M. smegmatis can be internalized by epithelial A549 cells by a mechanism similar to macropinocytosis (32) . We examined the uptake of the mycobacteria by cytoplasts by field emission scanning electron microscopy (FESEM). A549 cytoplasts were obtained as described and incubated with M. smegmatis. After 3 h and 6 h, cytoplasts were fixed and processed as described. As shown in Fig. 4A , internalization of the bacteria was initiated with their close apposition to the cytoplast membrane. Images of bacteria closely wrapped by cytoplast membranes are indicative of phagocytosis, rather than macropinocytosis, the latter characterized by a loose membrane covering the ingested bacteria. This form of internalization was also observed as the main mechanism of entry in nucleated cells (Fig. 4B) .
We next examined in real time live cell imaging the continuous uptake of M. smegmatis by A549 cytoplasts. As shown in Fig. 5A , cytoplasts began to internalize mycobacteria after approximately 2 h of co-incubation (Movie S2) and internalization continued unabated for at least 10 h (lower panels, black arrows). These observations were confirmed by quantitative analysis of the fluorescence associated with the cytoplasts which significantly increased with time ( Fig 5B) . In agreement with the scanning electron microscopy observations, association of internalized mycobacteria with macropinosomes was not observed. A Z-stack acquisition confirmed that bacteria were clearly localized within the cytoplast (Movie S3). To test for an active role of the mycobacteria in their own uptake, we pre-treated them for 16 h with 1 µg/ml rifampicin, an inhibitor of DNA-dependent RNA polymerase protein synthesis. The antibiotic dramatically reduced the number of infected cytoplasts (Fig. 5C ), indicating that bacteria actively modulated their own internalization. Altogether, these data show that mycobacteria actively infect enucleated cells by a phagocytosis-like mechanism and indicate that nuclear function is not required for this process.
Maturation and acidification of mycobacterial phagosomes in cytoplasts
We next considered the fate of the mycobacteria in cytoplasts. We have shown that in macrophages, M. smegmatis phagosomes fuse with late endosomes/lysosomes. As a result, phagosomes are acidified and their enhanced degradative capacity contributes to the killing of the bacteria (16, 33) . However, the phagosomal maturation and transport of mycobacteria in epithelial cells has not been fully described. Here, we analyzed both the acidification and the acquisition of lysosomal markers by phagosomes in A549 cells and cytoplasts.
First, we used live cell imaging to test if phagosomes were acidified in cytoplasts preloaded with Lysotracker and incubated with M. smegmatis. As shown in Fig. 5D , phagosomes were acidified during the first hour following M. smegmatis uptake (white arrows and insets). The red fluorescence associated to M. smegmatis phagosomes increased progressively after 3 h (Fig. 5E) . Strikingly, numerous events of fusion between lysotracker positive vesicles and M. smegmatis phagosomes were also observed (Movie S4).
Next, we performed a quantitative analysis of phagosome maturation in fixed cells and cytoplasts infected for different periods of time. As shown in Fig. 6A , the percentage of phagosomes positive for Lysotracker increased significantly with time in both A549 cells and cytoplasts. Quantitative analyses revealed that in both cases, beginning at 3 h, a significant proportion of mycobacteria were located in acidic compartments. However, after 24 h of infection the proportion of Lysotracker positive phagosomes in cytoplasts was significantly higher than those in nucleated cells (Fig. 6B) . In addition, the number of M. smegmatis containing-phagosomes positive for LAMP-2, a late endosomal/lysosomal marker increased in nucleated cells and cytoplasts (Fig. 6C) . These phagosomes were also positive for Cathepsin D indicating that lysosomal hydrolases were likewise present in the phagosome (data not shown).
We concluded that phagosomes that sheltered mycobacteria fused with lysosomes and acidified with similar kinetics in both A549 cells and cytoplasts. However, at the last time point (24 h), the number of "mature" phagosomes was significantly higher in cytoplasts. Thus, preexisting lysosomal fusion machinery was present in cytoplasts and fusion between phagosomes and late endosomal compartments proceeded, even more efficiently in cytoplasts than in A549 cells at later time points. This suggests that, in this cell type, the fusion between mycobacterial phagosomes and lysosomes is independent of nuclear functions.
A549 cytoplasts are able to kill mycobacteria
So far, our results indicate that although the percentage of infection was significantly lower in cytoplasts, fusion of phagosomes with lysosomal compartments was not only preserved but also was enhanced in the absence of the nucleus. Since fusion of phagosomes with lysosomes is an important mechanism for killing intracellular pathogens, we asked if intracellular bacteria could also be killed in cytoplasts. The fate of intracellular mycobacteria was then evaluated in A549 cells and cytoplasts by a colony forming unit (CFU) assay. As shown in Fig.  6E , at both 18 h and 24 h the colony numbers in nucleated A549 cells decreased by most 20% between 3 h and 24 h after uptake. In contrast, the number of colonies in cytoplasts fell by about 75% (Fig. 6F) . This reduction of viable bacteria could not be accounted for by either loss of infected cells into the culture medium or reduced numbers of infected cytoplasts in the culture (data not shown). Furthermore, since antibiotic was added after 3 h of infection, live bacteria were not found in the culture supernatants as tested by colony counting (data not shown). We also asked if killing of bacteria resulted from increased permeability of cytoplasts to gentamicin. This hypothesis was not experimentally confirmed (Fig. S2A) , in agreement with the plasma membrane permeability data (Fig. 3C) . Furthermore, pre-treatment with cytochalasin B alone did not affect mycobacterial uptake or killing (Fig. S2B) . These results indicate that enucleation increased the microbicidal activity of A549 cells.
The number of autophagic vesicles is increased in cytoplasts
To investigate if autophagy contributes to the increased microbicidal activity of cytoplasts, we compared the number of LC3-positive vesicles in cytoplasts and nucleated cells. Within 3 h of enucleation, the number of autophagic vesicles significantly increased in cytoplasts (Fig. 7 A, B) . These results were confirmed by western blotting, which demonstrated that LC3B-II was elevated in infected or uninfected cytoplasts when compared to nucleated A549 cells (Fig. 6C) . As shown in Fig. 7D , the levels of LC3 processing were higher in cytoplasts than in nucleated cells while infection further increased the amount of LC3-II in both groups. Interestingly, endogenous LC3 was associated to M. smegmatis phagosomes in cytoplasts at 3 h, 18h and 24 h after infection (Fig. 7E) suggesting that autophagy was involved in the killing of M. smegmatis. At the ultrastructural level, we observed phagosomes containing damaged mycobacteria in agreement with the survival data. Single membrane phagosomes also contained internal membrane structures suggesting that bacteria were located in autophagolysosomes (Fig 7F) .
Discussion
The requirement of the host cell nucleus for bacterial internalization, phagosome maturation and intracellular killing was examined in A549 cytoplasts infected with M. smegmatis; an occasionally pathogenic microorganism that in contrast to other mycobacteria does not block the microbicidal mechanisms of the host cell (29) . To our knowledge, this is the first report on infection of cytoplasts with Mycobacterium spp. In this study, the uptake, fate and killing of M. smegmatis in cytoplasts is compared to those in nucleated control cells.
Enucleation reduced the uptake of M. smegmatis by A549 cells.
Microscopy and colony counts demonstrated that the uptake of M. smegmatis was markedly reduced (from 70 to 20%) in enucleated A549 cells when compared to nucleated controls. Reasons for this reduction are not yet understood; it is possible that cytoplasts express fewer receptors for mycobacterial adhesion, which include glycosaminoglycans such as hyaluronic acid (34) . Reduced infection of cytoplasts, of the order of 50% was also reported for Shigella flexneri 5a (4). However, infection of cytoplasts and nucleated cells with other pathogens was reported to be similar (2, (5) (6) (7) . Although the percentage of cytoplasts infected with M. smegmatis was markedly reduced, the bacterial load per infected cell was similar to that in nucleated controls as also reported for S. flexneri.
Scanning electron microscopy observations indicated that uptake of M. smegmatis by nucleated or enucleated A549 host cells may take place via a "zippering"-like phagocytosis mechanism (39, 40) . That this internalization may require active participation of the bacteria is suggested by the finding that bacteria killed with rifampicin were not internalized by either nucleated or enucleated cells. Garcia-Perez and co-workers (27) reported that M. smegmatis were taken up by nucleated A549 cells by a macropinocytosis-like mechanism which could be also induced by supernatants of M. smegmatis cultures. The reason(s) for the discrepancy are not apparent at present.
Survival of A549 cytoplasts is extended by M. smegmatis uptake.
As classically reported, the number of cytoplasts in culture falls with time after enucleation (37) . Our experiments show that uptake of M. smegmatis contribute to extended viability of cytoplasts as indicated by preserved membrane integrity, thus accounting for the increased proportion of infected cytoplasts. This delay may be associated with inhibition of nucleus-independent apoptosis (38) . Similar observations were reported for the infection of L929 cytoplasts with Rickettsia prowazekii (3) and of Vero cytoplasts infected with Toxoplasma gondii (Carvalho et al. in preparation). Since antibiotics were added to the medium after bacterial uptake, the increased proportion of infected cytoplasts could not be accounted for by presence of living bacteria in the culture media.
Mycobacteria are sheltered within acidified phagosomes in both cytoplasts and nucleated A549 cells.
Although there are numerous studies of the mechanisms involved in the control of mycobacteria by professional phagocytes (monocyte/macrophages, granulocytes and dendritic cells) (39), less information is available for cells other than macrophages (40) . A549 cells infected with M. bovis BCG were shown to secrete chemokines and cytokines, to produce nitrogen and oxygen radicals as well as defensins (41) . M. smegmatis bacteria are known to be killed in resting macrophages after fusion of the phagosomes with lysosomes, with possible help from oxygen radicals and nitric oxide reduction products (29) . In the present study, killing of the bacteria in A549 cytoplasts and nucleated cells could be also associated with phagosomelysosome fusion. Our results recorded the progressive acquisition of lysosomal markers such as LAMP-2 as well as phagosomal acidification in cytoplasts and nucleated cells throughout the infection. However other, as yet unidentified killing mechanisms are likely to be involved in mycobacterial killing by cytoplasts.
Possible role of autophagy in the killing of M. smegmatis in cytoplasts.
Interestingly, a nuclear-dependent inhibitory mechanism of killing appears to be operating in A549 cells since killing is more effective in cytoplasts than in nucleated cells. Autophagy has been added to the mechanisms of mycobacteria killing in macrophages (44) with ubiquitin-derived peptides proposed to increase the lysosome mediated mycobactericidal activity (45) . We have shown that in cytoplasts that LC3-positive vesicles increased in number whereas those mycobacterial phagosomes became likewise LC3 positive. Indeed, it is possible that autophagy may contribute to the survival of cytoplasts. We propose that increased autophagy could explain the more efficient killing of the bacteria in cytoplasts.
Overall our results demonstrate that internalization of M. smegmatis; phagosome maturation and bacterial killing can take place in A549 cytoplasts. This indicates that under the conditions of this study, these processes are proximately independent of the cell nucleus. To our surprise, cytoplasts killed M. smegmatis more efficiently than nucleated cells, a finding possibly associated to increased autophagy. Finally, as reported for some other pathogens, infection appears to prolong cytoplast survival.
Material and methods
Reagents
Following antibodies were used: rabbit anti-mycobacteria (Geneway, San Diego, CA), mouse anti-actin (BD Biosciences, Germany) and mouse anti-GM130 (BD Biosciences, Germany). The mouse anti-LAMP-2 and mouse anti-tubulin developed by August, J.T and Klymkowsky, M. was obtained from the Developmental Studies Hybridoma Bank developed under the auspices of the NICHD and maintained by The University of Iowa, Department of Biology, Iowa City, IA 52242. Mouse anti-LC3 was from Cell Signaling Technology (MA, USA).
Cell and bacterial cultures A549 cells, the human lung adenocarcinoma epithelial cell line, were used as model of human type II alveolar epithelial cells and obtained from the German Collection of Microorganisms and Cell Culture GmbH (DSMZ, Braunschweig, Germany). Cells were cultured in complete Dulbecco´s modified Eagle´s supplemented with 10% fetal bovine calf serum (FCS) and 2mM Lglutamine. Cultures were trypsinized when they formed semi-confluent monolayer, and maintained at 37°C, in 5% CO 2 . M. smegmatis harboring a p19-(long-lived) EGFP plasmid was grown in medium containing Middlebrook's 7H9 broth Medium (BD-Difco, Germany), supplemented with 0.5% glucose and 0.05% Tween 80 at 37ºC. In order to stabilize GFP expression medium was supplemented with hygromycin (50 µg/ml) and bacteria were subcultured in fresh medium one day before the infection studies.
Enucleation
One day prior to enucleation, cells were placed in 35mm plastic Petri dishes. Cells were seeded at a density of 6x10 6 cells/dish and allowed to grow overnight. The cells were removed by using a solution with PBS-EGTA 2mM, centrifuged at 300g for 10 min at 25ºC. Cell suspensions were enucleated according to Wigler and Weinstein (44) with minor modifications. Polysucrose 400 (Sigma, USA) was diluted with 10x concentrated PBS (1.5 mM NaCl) 9:1 (v:v) to obtain a solution with a normal osmolarity and a density of 1.14g/ml. The gradient contained (in order of addition of the centrifuge tube): 2 ml of 25%, 2 ml of 17%, 0.5 ml of 16%, 0.5 ml of 15% and 2 ml of 12.5% Polysucrose. All gradient layers contained 5µg/ml of cytochalasin B (Sigma, USA). Approximately 1x10 7 of A549 cells per gradient were suspended in 1 ml medium containing 5µg/ml of cytochalasin B and the cell suspensions, free of cell clumps, were layered onto the gradient. Enucleation was performed at 37°C in an angle rotor using a Sorvall centrifuge. The cells were spun at 100.000g at 37ºC for 60 min in the presence of cytochalasin B (> 95% enucleation). Cytoplasts were aspirated from the interface between the 25 and 17% polysucrose layers. Cytoplasts suspensions were seeded onto 24 well tissue culture plates, and incubated with D-MEM supplemented with 10% FBS for 3 h to recover from cytochalasin B.
Cytoplast fluorescent probes labeling 6-carboxyfluorescein diacetate (CFDA-SE, Molecular Probes, USA), a cell-permeant, aminereactive probe was used to assay for the viability of cytoplasts. Unfixed cytoplasts stained by CFDA-SE examined with a fluorescence microscope, were counted as viable (47) . FM 4-64 (Molecular Probes, USA) was added at 5 µg/mL in D-MEM and analyzed by live cell imaging. Mitotracker CMXRos (Molecular Probes, USA) 100 nM was added and after 15 min incubation, cytoplasts were analyzed by live cell imaging.
Infection of A549 cells and cytoplasts with M. smegmatis
Nucleated A549 cells (1x10 5 per well) previously grown in 24 wells plate and cytoplasts (1x10 5 per well, after 3 h of recovery) were infected at the same time with a single-cell bacterial suspension. For this, bacterial cultures in exponential growth phase were pelleted, washed in PBS and re-suspended in D-MEM. Clumps of bacteria were removed by ultrasonic treatment of bacteria suspensions in an ultrasonic water bath for 15 min followed by a low speed centrifugation (120g) for 2 min. The cultures were gently washed three times with PBS at 37ºC, to remove antibiotic, and then infected with M. smegmatis (OD 600 : 0.1) for 3 h, 18 h and 24 h, at 37ºC. Following the bacteria uptake of 3 h, nucleated cell and cytoplasts were washed and medium plus Gentamicin (10 µg/ml) was added to kill extracellular bacteria. For testing active bacterial internalization, M. smegmatis was treated 16 h with rifampicin 1µg/ml before infection.
Indirect immunofluorescence
Cells and cytoplasts were fixed on coverslips with 3% PFA in PBS and quenched for 15 min with 50 mM Glycine in PBS followed by 30 min incubation with 1 % Bovine Serum Albumin (BSA, Sigma, USA) and 0.01 % Saponin (Sigma, USA) in PBS. The primary and secondary antibodies were diluted in PBS and incubated for 1 h. Nuclear staining was performed using 4'.6-diamidino-2-phenylindole (DAPI, Invitrogen, Germany). After staining, the cover slips were mounted on slides using aqueous mounting medium (Dako Cytomation, Denmark). Samples were analyzed by confocal fluorescence microscopy using a Zeiss Axiovert Fluorescence microscope (Zeiss, Germany) or a Leica SP5 Confocal Microscope (Leica Microsystems, Germany).
Colony forming unit (CFU) assay
Nucleated A549 cells and cytoplasts were grown in 24 wells plate and infected with M. smegmatis for 3 h, 18 h and 24 h. At the indicated time points, cells were washed with PBS and lysed with sterilized water. Quantitative cultures for M. smegmatis were performed by 10-fold serial dilutions inoculated on 7H10 agar plates. 5 µl were plated by triplicate and the number of colonies was counted after 72 h and referred as number of colonies (CFU)/ml.
Field emission scanning electron microscopy (FESEM)
Samples were fixed with 2% glutaraldehyde and 5% formaldehyde in cacodylate buffer (0.1 M cacodylate, 0.01 M CaCl2, 0.01 M MgCl2, 0.09 M sucrose, pH 6.9) for 1 h on ice, washed with TE buffer (20 mM TRIS, 1 mM EDTA, pH 6.9) before dehydrating in a graded series of acetone (10%, 30%, 50%, 70%, 90%, 100%) on ice for 15 min for each step. Samples were then criticalpoint dried with liquid CO2 (CPD 30, Bal-Tec, Liechtenstein) and covered with a gold film by sputter coating (SCD 500, Bal-Tec, Liechtenstein) before examination in a field emission scanning electron microscope (Zeiss DSM 982 Gemini) using the Everhart-Thornley SEdetector and the inlens SE-detector in a 50:50 ratio at an acceleration voltage of 5 kV at calibrated magnifications. Images were stored onto MO-disks and contrast and brightness adjusted with Adobe Photoshop CS2 (Adobe Systems, Mountain View, CA, USA).
Live cell Imaging
For live-cell imaging, A549 enucleated cells were seeded on 35-mm glass-bottom dishes (WillCo Wells B.V, Netherlands) in D-MEM 10% FCS. Then, cytoplasts were washed with PBS and subsequently maintained in imaging medium (D-MEM without phenol red, 10% FCS, 25 mM 2 mM L-Glutamine). Single-cell bacterial suspension was prepared in imaging medium and added directly to the dishes. After 15 min of incubation imaging was started with a Leica SP5 confocal microscope (Leica Microsystems, Germany) with AOBS and AOTF equipped with environment control chamber (EMBLEM, Germany). A solution of Lysotracker 1:20,000 was added to label acidic compartments in the indicated experiments. During live imaging, single focal plane was monitored in time (xyt scanning mode) using 63x/1.4 HCX-PLAPO oil objective, Argon Laser (488 nm) and DPSS Laser (561 nm), scanner frequency 400 Hz; line averaging 2. Processing of the stacks was performed using the ImageJ 1.38r software (Wayne Rasband, NIH USA).
Western blotting A549 cells and cytoplasts under the different conditions were washed with PBS, scraped in lysis buffer and processed. Briefly, equal amount of protein extracts were subjected to electrophoresis in 12% SDS-PAGE gels, transferred to a nitrocellulose membrane and blocked with 0.1% Tween 20, 5% of skim milk TBS. The nitrocellulose membrane was then incubated with primary antibodies, washed and incubated with secondary HRP-conjugated antibodies. The bands were visualized with a chemioluminiscent reagent (Amersham Biosciences, UK). Quantitative analysis of band intensity was determined using ImageJ 1.38r software (Wayne Rasband, NIH USA).
Cytoplast membrane integrity test A549 cells and cytoplasts were seeded in sterile Petri dishes. After recovery, they were infected with the bacteria for 3 h, then washed twice with PBS and their medium was replaced with gentamicin containing medium. Samples were processed after 3, 18 and 24 h as described before. At each time point, medium was collected and dishes were washed twice for 5 min with ice-cold PBS EGTA on ice to dislodge the cells and cytoplasts. Collected medium and wash buffer was centrifuged at 400 g for 5 min and the pellet was re-suspended in 1 ml 1% FCS-PBS. 2 µl Dead-live stain (LIVE/DEAD® Fixable Far Red Dead Cell Stain Kit, Invitrogen, USA) was added to each sample and incubated for 30 min on ice in dark. Samples were washed twice with 1% FCS-PBS and fixed with 3% PFA in PBS for 10 min at room temperature in dark. Samples were re-suspended in 1 ml permeabilization buffer (Saponin 0.05%, BSA 1% in PBS) containing 1 µg /ml Hoechst 33258 for 5 min. Samples were washed twice and re-suspended in 1% FCS-PBS and analyzed by Flow cytometry using a BD LSR II Flow Cytometer (BD Biosciences, Germany).
Electron Microscopy
Infected cytoplasts were fixed according to the osmium-thiocarbohydrazide-osmium and ferrocyanide-reduced osmium method according to Willingham and Rutherford (46) . After fixation samples were dehydrated with a graded series of acetone (10. 30, 50, 70, 90, 100%) for 30 min each step on ice. The 100% acetone step was repeated twice at room temperature. Samples were then embedded in the epoxy resin according to Spurr (47) . Ultrathin sections were cut with a diamond knife, collected onto butvar coated copper grids and poststained with 2% uranyl acetate (3 min) and lead citrate (1 min) before examination in a Zeiss EM910 at an acceleration voltage of 80 kV and at calibrated magnifications.
Statistical analysis
Data are presented as means ± SEM of at least three independent experiments; P-values (ANOVA, two ways) are relative to the control. 
